The composition of ribosomal proteins has been examined as a function of the growth rate of Escherichia coli cells. Seven sets of cultural conditions, utilizing different combinations of carbon and nitrogen sources, were employed to provide a 36-fold spread in growth rate. The cellular content of most of the ribosomal proteins in ribosomes decreased to a similar extent in the very slow-growing cultures. Major exceptions were proteins S6 and L12, which exhibited a much more pronounced decrease, and S21, which exhibited an increase. None of the proteins remained invariant with growth rate.
Ribosomes have a dynamic structure, and the exact stoichiometry of their constituent proteins is subject to variation with the functional state of the subunit particles (1, 4, 13, 14) . In relation to cell growth, Deusser (3) made the important observation that the composition of ribosomal proteins differed for two different rates of steady-state growth. When cells were grown in an enriched medium, proteins S6, S21, and L12 were found to occur in two or three times the quantities occurring in cells grown in a minimal medium. However, with a study of only two steady-state growth rates, it is difficult to assess the limits by which the synthesis of ribosomal proteins could be modulated by growth rate. Accordingly, the present study was directed towards an examination of the variations in ribosomal proteins over as wide a range of steady-state growth rates as possible to define further this regulatory process.
MATERIALS AND MEIHODS
Escherichia coli ATCC 12632, a pyrimidine auxotroph with no other nutrient requirement, was grown in a mineral medium containing (per liter): KH,P04, 13 .6 g; MgSO4-7H,O, 0.3 g; and FeCl,.6H,O, 0.5 mg.
The pH was adjusted to pH 7.2, and the medium was supplemented with 30 mg of uridine per liter. The carbon and nitrogen sources were varied to bring about seven different steady-state growth rates ( Table  1) . The amino acid supplements added to culture 2 contained 50 mg each of glycine, alanine, serine, threonine, methionine, valine, isoleucine, aspartic acid, glutamic acid, asparagine, glutamine, lysine, arginine, cysteine, phenylalanine, and tryptophan per liter. To extract ribosomes from a culture, cells were harvested by being poured over crushed frozen medium containing sodium azide at a final concentration I Present address: Connaught Laboratories Limited, Willowdale, Ontario, Canada M2N 5T8.
of 20 mM, centrifuged, suspended in 10 mM tris(hydroxymethyl)aminomethane acetate with 10 mM magnesium acetate (pH 7.4; TM buffer), and lysed in a French pressure cell. Ribosomal particles were sedimented at 220,000 x g for 1 h. After one wash in TM buffer, followed by two washes in TM buffer containing 0.5 M ammonium chloride and 10 mM mercaptoethanol (7), the ribosomal proteins were extracted with a 66% acetic acid-0.03 M magnesium acetate solution (6 most of the proteins varied only slightly from the average trend over the entire 36-fold range of growth rate between cultures 2 and 7. This underlines the extensive coordination, already indicated by the studies of Deusser (3) and Dennis (2) on a more restricted range, of the biosynthesis of most of the ribosomal proteins. Third, Deusser (3) had observed that proteins S6, S21, and L12 varied more strongly with growth rate than the other proteins. Our results (Tables 2 and 3) confirmed that the amounts of S6 and L12 were particularly growth rate sensitive: their F values decreased to well below most of the other proteins at very slow growth rates. However, the behavior of S21 was distinct from that of S6 and L12. Although all three proteins were increased more than most others in the fast growth of culture 2 in agreement with Deusser's finding, S6 and L12 decreased in the very slow growths of cultures 6 and 7, whereas S21 remained high, higher in fact than all other proteins. Protein L12 represents the nonacylated form of L7 (12) , and the L12/L7 ratio was found by Ramagopal and Subramanian (11) to rise during the early log phase of a growing culture but to fall as the stationary phase was approached. Accordingly, the low F values of L12 in cultures 6 and 7 were most likely due to the regulation of the acetylation reaction by growth conditions. Kung et al. (9) found that the replacement of L7 and L12, or vice versa, did not affect significantly any of the measurable ribosomal functions.
Finally, in contrast to L12, the low F values of S6 in cultures 6 and 7 cannot be explained as yet by the regulation of acetylation or other posttranslational modifications. Accordingly, the simple explanations are: (i) a decreased synthesis of S6 relative to the other ribosomal proteins; (ii) a decreased assembly of S6 into the 30S particle; and (iii) an increased metabolic turnover of S6. To test explanation ii, culture 7 cells were labeled with [3H Ileucine and then subjected to a nutritional shift-up, VOL. 122, 1975 with the addition of glucose and ammonium chloride, before harvesting. On the one hand, if there existed a large fraction of synthesized but unassembled S6 in the cells, much of the unassembled S6 would be expected to move into particulate form after a shift-up to culture 1 conditions and its F value would be expected to rise to the same range as those of the other ribosomal proteins. On the other hand, if there was no large unassembled fraction of S6 in the cells, its F value would remain lower than the other F values even after the nutritional shiftup. Our data (Table 2) show that the F value for S6 after the shift-up was 0.15, which was still only half the F values of the other proteins. Consequently, explanation ii appears to be entirely inadequate. It is concluded that either the synthesis of $6 was specifically retarded in the slow-growing cultures, relative to the other proteins, or S6 was metabolically less stable than the other proteins, or both. Recently, Dennis (2) observed an accelerated metabolism of S6 and S21 in E. coli cells. In culture 7, the F value of S6 was lower than those of the other proteins, but the F value of S21 was actually higher. This suggests that explanation iii might be of relatively minor significance; thus a reduced synthesis of S6 in the slow-growing culture 7 is indicated. Although the exact mechanism responsible for this reduction is unclear, it would require S6 to be regulated by a growth rate-sensitive operon that did not code for other ribosomal proteins. Indeed, although the synthesis of ribosomal ribonucleic acid is known to be highly growth rate sensitive (10) , the reduced content of S6 per ribosome implies that the synthesis of S6 was even more growth rate sensitive than that of ribosomal ribonucleic acid. Furthermore, ribosomes obtainable from culture 7, since they contained only about one-fourth the level of S6 compared to ribosomes obtainable from culture 1, might be useful for investigating the functions of S6. It would be important to determine whether the culture 7 ribosomes exhibit any functional deficiencies and whether such deficiencies can be overcome by the addition of purified S6 to the ribosomes.
